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INTRODTCTION 


This report deals primarily vlth a study of the kinetics of hydrogen 
(H2) and hydrogen sulfid<<i (HjS) chemisorption onto Iron (Pe) films. It 
was established in another study of the kinetics of Hx chemisorptltm onto 
Pe films that Intermediate between the molecular gas phase and the dissociated 
chemisorbed state is an adsorbed molecular species ( 1 ) . Under certain con- 
ditions of temperature and pressure the adsorbed mo'* ocular species acts as 
a thermally activated rate limiting step for hydrogen chemisorption. The 
goal of the present study was to develop a qualitative and quantitative 
understanding of the chemisorption kinetics of the Hx/Fe and HxS/Pe systems 
so that they could be compared and related to kinetic mechanisms for the 
environmental degradation of steels caused by and HxS. 

The Interaction of Hx and HxS with steels results in the environmental 
degradation of the structural characteristics of the steel via processes 
such as hydrogen embrittlement, corrosion and hydrogen attack. The degra- 
dation process associated with H-embrittlement is postulated to be rate 
limited by the initial chemisorption of molecular hydrogen at the gas-metal 
interface as indicated in the work uf Nelson, et al ( 2 ). The H-embrittlement 
process is significantly accelerated over that due to a pure H2 environ- 
ment if H2S is added to the environment. Dissolved protonic hydrogen in 
the iron lattice is believed to be the casual species which induces H- 
embrlttlement. The most expedient explanation for the HxS-accelerated- 
embrittlement is that the rate of absorption of protonic hydrogen is greater 
from HxS than from H2; where the initial step in the H-absorptlon process 
is chemisorption. 
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An accelerated chemisorption of HaS c<mq^red vlth H 2 could result 
from either the absence of a molecular precursor for chemisorption or If 
one is present, the kinetic rate between the precursor and the dissociated 
chemisorbed state may be significantly faster for HaS compared with Hz* 

The answers to such questions were addressed in this work. 

To investigate the chemisorption kinetics, a quasi-isothermal approach 
was employed; the coverage of chemisorbed hydrogen or chemisorbed sulfur 
was observed as a function of time for fixed conditions of substrate tem- 
perature and gas phase pressure. The measurements are considered to 
be quasi-isothermal because the gas phase temperature is constant at room 
temperature (about 295 K) while the substrate temperature is varied. Auger 
Electron Spectroscopy (AES) was used to observe the chemisorbed sulfur. 

To observe the chemisorbed hydrogen it was necessary to employ a much 
different technique since hydrogen is insensitive to many surface analysis 
procedures. The technique employed to monitor the hydrogen coverage was 
the chemisorption-induced resistance change. This is a phenomenon whereby 
the resistance of a thin conducting substrate changes due to chemisorption 
occurring on the surface. The phenomena of the chemisorption- induced resis- 
tance change and the techniques developed for the hydrogen chemisorption 
studies are discussed in detail in ref. 3, which is included in this report 
as Appendix A. 

To compare the results obtained from studying kinetics by the two 
different techniques, namely by AES and the chemisorption- induced resistance 
change, a study was made of the kinetics of oxygen (O 2 ) chemisorption onto 
Fe films. 

Although the chemisorption-induced resistance change is a phenomena 
which has been known for some 25 years, there Is still controversy over 
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the physical mechanism for the phenomena. Several studies were made to 
clarify this situation for Hj* HjS and O2 choslsorbed onto Fe films. 

Finally* the reaction model utilized to interpret the Ha/Fe chwnl'- 
sorption kinetics was applied to dat a from an earlier study on the de- 
sorption kinetics for H2 chemisorbed onto nickel (Mi) films In the 
vicinity of the Curie temperature of the film. This analysis permitted 
a separation of the gross desorption process Into individual components 
so that the Influence of the magnetic phase transition on the rate con- 
stants could be determined. The details of this work will not be dis- 
cussed In this report as they tend to fall outside the general theme of 
the study. The reader is referred to ref. 4 for a discussion of this, 
study. 
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Discueslon of Results 


In this report only major results and conclusions will be presented. 
Details of the various aspects of this study can be found In the open- 
literature publications listed In the Bibliography cutd in the previous 
semi-annual reports for this grant. The Discussion of Results will be 
divided into the following subject divisions: (1) Experimental Details, 

(2) H 2 /Fe Chemisorption Kinetics, (3) HaS/Fe Chemisorption Kinetics, 

(4) Oa/Fe Chemisorption Kinetics, and (5) Origin of Chemisorption-Induced 
Resistance Change. 

Experimental Details 

Utilized throughout this study were thin Fe film substrates. The Fe 
films were prepared by sublimation from high purity Fe wire filaments onto 
either glass substrates for the Ha, HaS and Oa studies or onto Sl(lll) 
monocrystals for additional HaS and Oa studies on epitaxially grown Fe 
films. Great care was taken in cleaning the evaporation substrates, pri- 
marily by thermal outgassing. The evaporated films were either annealed 
at elevated temperature to stabilize their resistance for use at elevated 
temperatures or were allowed to self-anneal for use at room temperature. 
The major effect of annealing the film was to change the roughness of the 
film, thereby changing the number of adsorption sites per unit geometrical 
area of the film. No attempt was made to characterize the morphography 
of the polycrystalline films; the structure of the epitaxially grown films 
was characterized with Low Energy Electron Diffraction (LEED) . The ex- 
posed surface of the e taxlally grown Fe films had a [111] orientation. 
The chemical purity of the surfaces was checked with AES. Except for a 
maximum of about 3-5% of a monolayer of oxygen, the film surfaces were 
free of contaminates. It was concluded that the oxygen originated from 


- 4 . 



the evaporation filament and not from gaa phase adsorption. The films 
utilized In the study varied In thickness with a minimum thlclmess of about 
5 nm. Films thinner than 5 nm showed signs of being patchy. The thickness 
of the films was estaollshed from the effective resistivity of the film. 

The films were made and the measurements performed In an ultra-hlgh- 
vacuum (UHV) apparatus with a base pressure of about 2.7x10 *N/m^. Con- 
siderable effort was spent to Insure that the film surfaces were not con- 
taminated by residual gas Impurities and that spurious In^urlty gas 
generation In the UHV apparatus was minimized. 

Kg/Fe Chemisorption Kinetics 

The kinetics of H 2 chemisorption onto polycrystalline Fe films was 
extensively studied over a gas phase pressure range of 10 ^ to 10 ^N/m^ 
and a temperature range of 290 K to 500 K. For this study the chemisorp- 
tion- induced resistance change was utilized to monitor the coverage of 
chemisorbed hydrogen In response to variations of the gas phase hydrogen 
pressure at various constant substrate temperatures. The principal kinetic 
measurements used in the H 2 /Fe study were: (1) (gross) adsorption, 

(2) (gross) desorption and (3) p-j (pressure-jump) relaxation measurement. 
In addition an equilibrium measurement of the resistance change isotherm 
was made. A detailed discussion of the procedures :ised In the H 2 /Fe 
kinetic measurements is presented in Appendix A under the section entitled, 
"Kinetic Measurements". 

The results of the H 2 /Fe study can be summarized as follows: molecular 

hydrogen dissoclately chemisorbs on Fe via an adsorbed molecular species. 
The reaction path Is schematically Illustrated as follows: 

V 

H2(gas) + H 2 * X 2H. (1) 

^d ‘‘2 
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In this model, molecular hydrogen adsorbs into the molecular state H 2 , 


with a rate given by k^p. The constant is equal to afa.y/ ZiTmkjT, where 
ot is the probability for adsorption into an empty molecular site, n is 
the average number of molecular adsorption sites per unit area, m is the 
mass of the hydrogen molecule, k is Boltzman’s constant and T is the gas 
temperature. Chemisorption occurs when the adsorbed moelcular specie 
proceeds into the dissociated chemisorbed state, H, with rate k| . For 
desorption, the atoms in the chemisorbed state recombine and go to the 
molecular state at rate k 2 « The adsorbed molecular specie then desorbs 
into the gas phase with a rate k^. The rate constants ki, kz and k^ are 
temperature dependent with various activation energies. The schematic 
model presented in Eq. (1) is mathematically des rlbed as follows: 

d0*/dt = k p (1-0*) - k.0* - l/2d0/dt, (2a) 

a d 

l/2d9/dt = ki0*(l-0)2 - k20^(l-e*), (2b) 

A 

where 6 is the coverage of the adsorbed molecular state and 0 is the 
coverage of the dissociated chemisorbed state. At equilibrium the solution 
for 9 reduces to the Langmuir isotherm for dissociative adsorption, 

0 » y^//T + Kp, where K = (k * k,)/(k, * k,). From measurements of 9 
at various temperatures and pressures, the isoterlc heat of adsorption was 
determined to be 82.1 kJ/mole for 0 < 0.1. This is in agreement with the 
heat of adsorption determined from the temperature dependence of K. This 
value is, also, in good agreement with a recent study of H 2 chemisorption 
on oriented Fe surfaces (5) . In general the rate constants and K were 
found to be independent of 0 up to coverages of about 0.8. 

The rate constants for the reaction were obtained from an extensive 
analysis of the data and comparisons of the data with approximate and exact 
numerical solutions of the model. The rate constants for H 2 /Fe chemisorption 
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are aunmariaed In Table I for measurements conducted over the pressure 
range of 10~^ to lO'^N/m^ and the temperature range 290 K to 500 K. 


Table I. Rate Constanta for Ha/Fe Chemisorption Reactions 


Rate Constants 


H»/Fe 


a’ 

^d* 


(Nm * sec)”* 

6 X 10* (at 300 K), a - 0.2 

sec”* 

IIT exp (-28.9/RT) 

sec * 

604T exp (-34.7/RT) 

sec * 

3.45 X 10* *T exp (^87.9/RT) 


R is In units of kJ/mole K and T is in degrees Kelvin. 


HaS/Fe Chemisorption Kinetics 

The study of the kinetics of HaS chemisorption onto polycrystalline as 
well as [111] oriented epitaxially grown Fe films was studied only at 300 K 
and over a gas phase pressure of 10 ^ to 10 ® N/m^. In the study the chemi- 
sorption-induced resistance change as well as AES was utilized to monitor the 
coverage of chemisorbed sulfur. It was possible to observe only (gross) ad- 
sorption kinetics with HaS since sulfur does not desorb from Fe at 300 K. 

The results discussed herein relate to measurements made on the [111] 
oriented epitaxially grown Fe films. Observations with LEED during ad- 
sorption show the growth In intensity of a (\/T"x\/3~ ) R 30* pattern with 
exposure to HaS up to saturation coverage. This suggests that at saturation 
coverage 1/3 of the available adsorption sites are filled with sulfur atoms. 

The adsorption kinetics for HaS/Fe are modeled in a similar fashion as 
Ha/Fe. Assuming that the dissociation products are H and HS, then schemat- 
ically, the adsorption of HaS onto Fe is given by: 

k p ki 

“ A 

H 2 S(gas) ^ HaS -*• H-Fe -f HS-Fe. (3) 
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The rate constants have the same definition as for H 2 adsorption. Note* 
however, that for HsS/Fe, k 2 is zero since sulfur does not desorb at 300 K. 
The dissociation products for H 2 S have not been clearly established, but 
there is evidence for the presence of H and HS on the surface. The adsorp- 
tion model can be written mathematically as: 

d0*/dt » k p (1-0*) - k.0* - 1/2 d0/dt (4a) 

a d 

1/2 d0/dt = kj0* (1-0/0 (4b) 

Sou 

where 0 , = 2/3. 

sat 

An analytical solution to the model was obtained in the steady-state 
approximation (d0 /dt * 0) and compared with the data. From an analysis of 
the pressure dependence cf the adsorption rate and the general kinetics It 
was possible to obtain estimates of all the rate constants. The rate con- 
stants for H 2 S/Fe(lll) chemisorption are summarized in Table II for 
measurements conducted at 300 K over the pressure range 10 ^ to lO^^N/m^. 
The H 2 S/Fe(llI) rate constants are also compared with corresponding values 
for Ha/Fe at 300 K in Table II. 

Table II. Rate Constants for H^S/Fedll) Chemisorption Reaction 
Rate Constant H 2 S (at 300 K) H 2 (at 300 K) 


k , (Nm ^sec) ’ 

1.2 X 10\ a = 0.4 

6 X 10 

a 



kj, sec ^ 
a 

0.05 

0.03 

ki , sec * 

0.22 

0.16 


Although the values in Table II relate to adsorption onto an oriented iron 
surface, they are also representative of adsorption onto polycrystalline Fe 
films. The primary difference in the two measurements Is the uncertainty in 
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knrowing the ntndier of adeorptlon sites per unit area which directly affects ‘ 
but not or k^. this particular ambiguity is removed by using 
oriented surfaces. 

0»/Pe Chemisorption Kinetics 

A study was carried out of the kinetics of 0{ chemisorption onto 
polycrystalline Fe films at 300 K. The study employed both the 
chemisorption-induced resistance change and AES to monitor the coverage 
of chemisorbed oxygen. Since dissociated chemisorbed oxygen does not 
desorb from Pe, only (gross) adsorption measurements were possible. The 
objective of this short study was to compare the kinetics measured by 
these two techniques. 

We find no significant difference in the form of the adsorption kinetics 
as measured by AES or Che chemisorption- induced resistance change. A model 
in which chemisorption occurs via an adsorbed molecular specie was compared 
with the data. Schematically the model is similar to that- presented for 
H 2 S chemisorption, Eq. (3) and is given by, 

kpP ^ ki 

02 (gas) ^ O 2 ^ 20, (4) 

^d 

* 

idiere 92 is the adsorbed molecular specie and 20 is the dissociated chemi- 
sorbed state. The definition for the rate constants is as for H 2 adsorption. 

A limiting form for the model, obtained when (k p -I- k.)/ki > 5, is an 

a a 

excellent fit to the data over an exposure range from about 0.5 to 2000 L. 

The limiting form to this adsorption model is, however, mathematically equiva- 
lent to another model where dissociative chemisorption occurs directly from the 
gas phase and does not Involve a precursor. The data at 295 K cannot dis- 
tinguish between the two models, but other data at 80 K supports the model 
with the adsorbed molecular specie. We conclude that oxygen chemisorption 
onto iron occurs via a mobile-adsorbed molecular specie. 
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For the limiting form to the adsorption model, Eq. 4, the effective 
initial adsorption rate is given as 

htl ■ 'V + “d’ 

(Note that this result is identical to that for H 2 S adsorption) . 

There is no obvious pressure dependence to ^or p < 10 so 

in this low pressure regime 



By comparing values of at 295 K and 80 K, an activation energy of 

-S.2 kJ/mole is calculated for (k^/k^). There is no obvious coverage depen- 
dence to the rate constants, since an excellent fit to the data is possible 

with coverage Independent parameters. Some variation is found in K .. as 

eft 

measured by AES and by the chemisorption- Induced resistance change. These 
variations appear to be related to the AES measurement technique. Similar 
problems are not encountered in the resistance-change measurement because of 
its passive nature. 

Measurements have also been made of a current noise which occurs when 
O 2 chemisorbs to saturation to polycrystalline iron films. The current noise 
is assumed to arise from a reversible reaction between two different adsorbed 
oxygen states on Che surface, where thermodynamic forces produce fluctuates 
in the number of adatoms in a particular state. The nuniber fluctuations are 
coupled to the current via the chemisorption-induced resistance change. The 
exact nature of the oxygen states has not been established. The simple 
proposed model for the noise is qualitatively and quantitatively in agree- 
ment with the data. The model assumes only a single correlation time for 
the autocorrelation function implying that surface heterogeneity is not 
Important to this reaction process. An understanding of this noise process 
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may have Important implications for understanding noise sources in conduc- 
tors as wel) as offering a new technique to Investigate reaction kinetics 
under passive-ambient conditions* 

Origin of the Chemisorption-Induced Resistance Changes 

Since the application of the chemisorption-induced resistance change 
was a technique utilized throughout this work, it was considered Important 
to investigate the origin of the phenomena for the H2/Fe, HaS/Fe and 02/Fe 
adsorption systems* 

There are three models f r the origin of the resistance change. The 
first assumes that the change results from a reduction in the conducting 
thickness of the film. The second model assumes that the scattering proper- 
ties of the conduction electrons at the surface are modified by adsorption. 

It can be shown for both of these models that the magnitude of the frac- 
tional resistance change iue to chemisorption will be temperature 
dependent and have very specific thickness dependence for very thin films. 
Experimentally we have shown that there is no temperature dependence to the 
fractional resistance change and that the thickness dependence follows a 
simple inverse thickness relationship down to films as thin as 2 nm. These 
observations ar*B in contradiction to the predictions of the two models dis- 
cussed above. A third model, originally proposed by Suhrmann, assumes that 
the density of states for the conduction electrons is changed by chemisorption 
at the surface. The predictions of this model are in good agreement with 
the observations for Hj/Fe, O^/Fe, and H^S/Fe. Additional details of this 
study can be found in Appenc*Ix A. 
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Conclusions 


There are several conclusions to be draun from this study. The first 
is that the chemisorption-induced resistance change is a viable technique 
for use in isothermal kinetic studies. With regard to the chemisorption 
induced resistance, the origin of the phenon^na for H 2 /Fe, H 2 S/Fe and 02 /Fe 
chemisorption systems is related to modification in the adsorption substrate's 
conduction electron bulk density of states. 

For the Ha/Fe, HaS/Fe and Oa/Fe chemisorption syst&ns, the kinefics of 
chemisorption are best described by a model where dissociative chemisorption 
occurs via an adsorbed moleculai specie. The primary difference in the 
kinetics for these three systems is that chemisorption for Ha/Fe is rever- 
sible on a reasonable time scale at temperatures above 250 K, whereas for 
HaS/Fe and Oa/Fe chemisorption is irreversible. These studies also suggest 
that the rate parameters involved in the chemisorption reaction are coverage 
independent which is surprising since coverage dependent effects are often 
observed in other types of chemisorption studies. 

For both the Ha/Fe and the HaS/Fe chemisorption systems, the step be- 
tween the adsorbed molecular specie and the dissociated chemisorbed state 
can act as a rate limiting step for chemisorption. From our measurements 
we can conclude that at 300 K the adsorption rate at high pressures in the 
rate limited regime, is essentially identical for Ha and HaS. At low 
pressures where adsirption is dominated by adsorption from the gas phase 
into the adsorbed molecular specie, the adsorption rate for HaS will be 
about twice that for Ha. 
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APPSNm A 



THE CHEHISORPTION-INDUCED RESISTAHCE CRAKCE AND 


ITS APPLICATION TO DETERMINING H2/Fe CHEMISORPTION KINETICS* 


M. R. Shanabarger 

QuaaCum Institute, University of California 
Santa Barbara, California 93106 


Abstract 


Hydrogen adsorbed on a surface is difficult to detect because it is ef- 
fectively invisible to aost of the modem surface analysis techniques devel~ 
Oped to detect surface species. One of the few techniques which is sensi- 
tive to adsorbed hydrogen is the chemisorption-induced resistance change. 

The chemisorption- induced resistance change is a phenomenon where the resis- 
tance of a metal film substrate is changed due to chemisorption on its sur- 
face. For hydrogen this phenomenon provides a sensitive and, because of Its 
passive nature, unique technique to monitor the coverage of chemisorbed hy- 
drogen. The principles, advantages and limitations of the technique are re- 
viewed. A specific application to the determination of the hydrogen-iron 
chemisorption kinetics is presented. 


* 
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Introducclon 


The characterizaclon of hydrogen adsorbed oa metal surfaces is relevant 
to a large class of materials and materials related problems. For example, 
because hydrogen adsorbed on nickel and iron is chemically reactive, these 
metals are often used as catalysts. Adsorbed hydrogen can alter the elec- 
tronic nature of silicon surfaces and cause the surface structure of tung- 
sten to reconstruct relative to the bulk structure. The surface la also 
the boundary through which hydrogen enters or exits the Interior of the 
metal. The kinetics of this boundary passage are important to our under- 
standing of the mechanisms of gaseous hydrogen embrittlmiienc. 

There are a number of techniques available to study adsorbed species on 
surfaces, one of which is Che chemisorption- induced resistance change. The 
major advantages of this technique are that it can indicate the chonisorp- 
tion of virtually any species including hydrogen and it is non-lntrusive in 
Chat the measurement does not interfere with the phenomenon being measured. 
In the present review I will first consider hydrogen-metal adsorption and 
available measurement techniques in some detail. The enq>hasis when. discus- 
sing the measurement techniques will be on their usefulness for kinetic 
studies. I will next focus on Che chemisorption- induced resistance change 
technique and discuss its origin and characteristics including its advanta- 
ges and limitations. Finally, an example will be given of the chemisorp- 
tion-induced resistance change technique applied to the determination of the 
isothermal kinetics of hydrogen chemisorption on iron films. 

Adsorbed States of Hydrogen 


On or near a metal surface there are several different adsorbed states 
in which hydrogen can exist. Fig. 1 is a simplified schematic of Che poten- 
tial energy curve of a hydrogen molecule as it approaches a metal surface 
from free space along an appropriate reaction coordinate showing the princi- 
pal adsorbed states. The hydrogen molecule first encounters a shallow po- 
tential minimum (t 3 rplcally less than 21 kJ/mole (S kcal/mole)) about 0.4 nm 
from the surface. This is the physisorbed state which for simplicity is not 
indicated separately in Fig. 1. The ireak binding of the physisorbed state 
is due to Van der Waals (electrostatic) forces (1) . Because of the weak 
binding, the physisorbed state will be occupied only at very low tempera- 
tures. After Che physisorbed state, the hydrogen molecule next encounters a 
less understood state which is referred to as an adsorbed molecular state or 
molecular precursor (2) . The location of the precursor with regard to the 
surface is not known nor is the nature of the forces binding the molecule in 

this state. It has been suggested 
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Fig. 1 - Simplified potential energy 
curve showing the principal adsorbed 
states of hydrogen In the vicinity 
of a metal surface for molecular hy- 
drogen adsorption. 


that Che precursor may be the physi- 
sorbed state (2b). More likely the 
precursor lies closer to the surface 
than the physisorbed state and the 
binding forces Involve weak chemical 
bonds with the surface (2c). Typical 
binding energies for the precursor 
are 25-42 kJ/mole (6-10 kcal/mole). 

It is known that the precursor is vi- 
tal in mediating the adsorption-de- 
sorption reaction between the gas 
phase and the chemisorbed state. The 
chemisorbed state is 0.1-0. 2 nm from 
Che surface (3) . In Che chemisorbed 
state Che molecular hydrogen Is dis- 
sociated into atomic hydrogen. The 



chemisorbed state iavolves covalent bonding (electron transfer) between the 
adatoms and the atoms of the substrate with adatom binding energies of about 
170 kj/mole (40 heal/mole). 

Between thw molecular precursor and the chemisorbed state is an activa- 
tion barrier of height which the hydrogen molecule must overcome to be 
chemisorbed « For many metals (e.g. Fe, Ni, Pd and tf) this activation barri- 
er is small and chemisorption occurs readily at moderate temperatures, 300R. 
For other metals (e.g. Ag, Au, Cu, Al and Mg) is large (greater than 40 
IcJ/mole) and chemisorption is inhibited except at elevated temperatures. 

From the chemisorbed state hydrogen can enter the bulk. It has recent- 
ly been suggested that for hydrogen, intermediate between the chemisorbed 
state and the subsurface-dissolved protonic hydrogen is an intermediate sub- 
surface hydrogen state, see Fig. 1 (4). This intermediate state acts to 
some degree as an atomic absorption precursor between the chemisorbed hydro- 
gen and the subsurface-dissolved hydrogen. 

Hydrogen Measurement Techniques 

The characterization of hydrogen in the chemisorbed state Involves the 
investigation of a large number of properties of the hydrogen-metal complex. 
These properties can be placed in either of two broad categories; static or 
dynamic (kinetic) . The static properties Include examples such as the 
structure of the chemisorbed overlayer with regard to the substrate; the oc- 
cupancy and energy of the electronic levels of the hydrogen-metal complex 
and the binding energy of Che chemisorbed hydrogen (5, 6). Examples of Che 
dynamic (kinetic) processes are; Che adsorption-desorption kinetics between 
the gas phase and the chemisorbed hydrogen (7, 8); diffusion of chemisorbed 
hydrogen along the surface (9) ; kinetic processes between the various ad- 
sorbed hydrogen states (8) and absorption-desorption between the chemisorbed 
hydrogen and the subsurface-dissolved protonic hydrogen. 

To observe the dynamic processes associated with the chemisorbed state, 
it is necessary to monitor directly the chemisorbed hydrogen coverage (con- 
centration). There are many adatom specific techniques, but the majority 
are either insensitive or simply don't work for hydrogen (6, 10). For ex- 
ample, all techniques based on the excitation of electronic core levels of 
the adatom (the most common of which is Auger Electron Spectroscopy) do not 
work with chemisorbed hydrogen because it is a one-electron atom (6). These 
techniques do work for certain applications involving hydrogen-bearing mole- 
cules, such as hydrogen sulfide, where the multielectron atom, sulfur, can 
be observed. There are other techniques such as. Ion Scattering Spectros- 
copy (ISS)- (10) , Electron-Ion Desorption (EID) (11, 12) and Secondary Ion 
Mass Spectroscopy (SIMS) (10, 13), which require considerable experimental 
care for their application and interpretation. SIMS, for example, is a very 
sensitive technique. It has been found however, to be difficult In practice 
to discriminate hydrogen on the surface from hydrogen below the surface (13). 

Two techniques to n»>nitor the chemisorbed hydrogen coverage which are 
relatively straightforward to utilize and are adatom specific are Ultravio- 
let Photoelectron Spectroscopy (UPS) (6) and Thermal Programmed Desorption 
(TPD) (11). In UPS, energy levels of the hydrogen-metal complex are probed; 
the integrated spectral Intensity of the excitation due to hydrogen is pro- 
portional to the coverage of hydrogen. Although UPS can detect hydrogen 
coverage as low as about 0.1 monolayers, the technique has limited ipplica- 
tion to dynamic studies since it requires fairly long data accumulation and 
processing times. Thermal Progranmed Desorption is perhaps the oldest sur- 
face analysis technique in connon use. After adsorbing hydrogen onto the 



surface, the surface is heated in a programaed fashion causing the hydrogen 
to desorb. The desorbing hydrogen Is monitored with a mass spectrometer. 

The thermally Integrated hydrogen signal Is proportional to the Initial cov- 
erage of adsorbed hydrogen. Although TPD does not monitor the surface cov* 
erage directly. It Is an extremely sensitive technique with some application 
to kinetic studies (lA). 


There are several techniques to monitor chemisorbed hydrogen which are 
non-adatom specific. Techniques, such as surface potential measurement, 
magnetization changes and the chralsorpt Ion- Induced resistance change are 
very sensitive with detectability limits on the order or below 0.01 mono- 
layers. Consider first the surface potential measurement. IThen hydrogen 
chemisorbs onto a metal surface it changes the work function of the surface. 
The work function change is the surface potential (6) . The surface poten- 
tial can be a complicated function of the coverage, but for most hydrogen- 
metal systems It is linearly related to the coverage at coverages less than 
0.2 monolayers. The surface potential measurement has been used in iso- 
thermal kinetic studies (15). If the metal substrate Is magnetic, then 
chemisorption can change the magnetic moment of the surface atoms (16) . The 
magnetization changes have been used to study hydrogen adsorption onto iron 
(17) . The use of large magnets required to carry out the magnetization mea- 
surements places restrictions on the arrangement of the experimental appara- 
tus and the concurrent use of additional analytical surface techniques. Fi- 
nally, the simplest and perhaps most experimentally straightforward techr 
nique to monitor the coverage of chemisorbed hydrogen Is the chemisorption- 
induced resistance change (18) . Very simply, the resistance of thin metal 
substrates change when hydrogen chemisorbs on the surface. As will be seen, 
this technique has j. sensitivity and measurement response time necessary 
to carryout comprehensive studies of Isothermal kinetics not possible with 
other techniques (19, 20). 


The ChemJ sorption- Induced Resistance Change 


The chemisorption- induced re- 
sistance change is the change in 
resistance of a metal substrate re-; 
suiting from chemisorption occurlng 
on the surface. This is schemat- 
ically shown in Fig. 2, where the ' 
resistance change of a thin sub- | 
strata is changing as species ad- ' 
sorb from the gas phase. The re- 
sistance change, 6R ” R(9) - R(0) , i 
is the difference betvisen the re- 
sistance at coverage d and the re- 
sistance It 6 - 0. The coverage 8 
is the ratio of the number of 
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Fig. 2 - Schematic Illustration of the 
chemisorption- Induced resistance change. 

chemisorbed adspecles to the number of surface atoms, where 0*1 is referred 
to as monolayer coverage. Resistance change data will be presented as the 
fractional resistance change, 6R/R (•6R/R(0)), as this facilitates compari- 
son of the data for different chemisorption systems. 


Characteristics of the Resistance Change 

The chemisorption- induced resistance change is a well established phe- 
nomenon for many chemisorption systems (18, 21) and was a very early techni- 
que used to study the chemisorption process (22). A typical example of the 
type of information chat can be obtained with this technique Is illustrated 
in Fig. 3. Presented here is a typical resistance change Isotherm for hydro- 



geo adsorbed onco a Ni film at 29S K. 

A raslstance change isotherm is the 
variation of the equilibrium resis- 
tance change with gas phase pressure 
for a constant temperature. At low 
pressures, the equilibrium resistance 
change shown in Fig. 3 Is proportion- 
al to 1 ^. This indicates that mole- 
cular hydrogen is dissociated into 
atomic hydrogen when chemisorbed onto 
Ni. The solid line in Fig. 3 is a fit 
of the data to a particular coverage 
isotherm for dissociative adsorption 
(2b) . In fitting the data to the cov- 
erage Isotherm, it was assumed that 
5R/R * Ax9, where A is the magnitude 
of the fractional resistance change at 
monolayer coverage and 6 is given by 
the coverage isotherm. In addition to 
obtaining an estimate of the coverage 
of the chemisorbed state, the heat of 
chemisorption can be obtained from de- 
terminations of the Isotherms at vari- 
ous temperatures (20) . 

The general characteristics of 
the chemisorption-induced resistance change have been established from ob- 
servations on a number of systems (21) . The principal characteristics are; 
(1) the sign of the resistance change, (2) variation with coverage and (3) 
magnitude of the resistance change and its variation with film thickness and 
tenq>erature. The sign of the resistance change has already been Indicated 
in Fig. 3, namely the resistance change for hydrogen chemisorption is pos- 
itive (6R/R>0) . The initial resistance change at low coverage is positive 
for all chemisorption systems studied to date which Involve covalent bonding 
between the adspecles and the surface atoms (21) . A negative resistance 
change (£R/R<0) for hydrogen is reported to result from adsorption on a con- 
taminated surface (23) 

The hydrogen-metal systems which have been studied show at low coverage 
^<0.2) a linear relationship between the resistance change and the coverage 
of adsorbed hydrogen (21, 24). This linear relationship is not necessarily 
observed at higher coverages. The methods used to determine the coverage of 
chemisorbed hydrogen in these studies are, however, questionable because 
they are based on volumetric determinations of the total amount of adsorbed 
hydrogen. The adsorbed hydrogen is distributed among the various adsorption 
states (see Fig. 1) and does not necessarily reside only in the chemisorbed 
state, hence a non-linear behavior might be expected. Variation of the frac- 
tional resistance change with coverage for the 02 /Fe system is shown la 
Fig. 4. Here the relative coverage of chemisorbed oxygen was determined di- 
rectly with Auger Electron Spectroscopy (AES). As can be seen, the resis- 
tance change for 02 /Fe is linearly related to the coverage up to saturation. 
The data for H 2 /Mi in Fig. 3 suggests that the resistance change for this 
system is linearly related to the coverage up to saturation. A. similar re- 
sult has also been obtained for H 2 /Fe (20) based on analysis of the resis- 
tance isotherm and not cn the measurement of the total amount of adsorbed 
hydrogen. 

Another characteristic of the resistance change is that the magnitude is 
inversely proportional to film thickness. This is demonstrated in Fig. S for 



Fig. 3 - Typical resistance change 
isotherm for H 2 adsorbed onto a Ni 
film. The solid line is a fit of 
the data to a Langmuir isotherm for 
dissociative adsorption. 



Ho/Fe, Hj/Ni, H 2 S/Fe and 02 /Fe, where 
Cne magnitude of the fractional resis- 
tance change at estimated monolayer 
coverage y A, is shown as a function of 
film thickness, d. The inverse thick- 
ness dependence is a manifestation of 
the fact that the resistance change is 
a phenomenon whose magnitude is di- 
rectly related to the surface- to- vol- 
ume ratio of the substrate. The mag- 
nitude of A for different species has 
been shown to be related to the ad- 
species heat of adsorption (25) . On 
this basis the magnitude of the resis- 
tance change which might be associated! 
with adsorption into an adsorbed mole-‘ 
cular state is negligibly small com- 
pared with the resistance change from ; 
the chemisorbed state. Finally, 
studies indicate that A is independent 
of tesq>erature . This has been report- 
ed for 02 /Fe (26) and H 2 S/Fe (27). 

The temperature dependence of A for 
H 2 /Fe is presented in Fig. 6. As can 
be seen, within e;:peri!oeatal error, A 
is constant with t.inperature over the 
temperature range of from 320 K to 
420 K. 
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Fig. 4 - The chonisorption-induced 
resistance change normalized by its 
saturation value for O 2 chemisorbed 
into iron films as a function of the 
relative coverage of chemisorbed ox- 
ygen. The oxygen coverage was de- 
termined with Auger Electron Spec- 
troscopy. The data Is from measure- 
ments on two different films. 



.Fig. 5 - Variation of the amplitude 
of the fractional resistance change 
at estimated monolayer coverage. A, 
as a function of film thickness, d. 
The solid lines have slope of -1. 
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Fig* 6 - Temperature dependence of 
the amplitude of the fractional re- 
sistance change aa estimated mono- 
. layer coverage. A, for H 2 adsorbed 
J onto Fe films. The data is from 
• measurements on two comparable 
films. The solid line is the tem- 
perature dependence calculated from 
the scatterli^ model (29). 




Origin of the Rgslstaace Change 


There are several models for the origin of the resistance change (21)* 
The model which Is consistent with all of the data will be briefly reviewed 
In this section; a more extensive discussion of the models is presented in 
Ref. 26. 

Calculations have shown that the electrical conductivity, cr, of a film 
with chemisorbed species on the surface Is given by 

a - af{l-3(l-p)A/8d), (1) 

where (Jc is the equivalent bulk conductivity of the film material; p is the 
probability for specular scatterli^ of the conduction electrons at the film 
surface; d is the film thickness and A is the conduction electron mean free 
path (28). Assuming that the dimensions of the film are constart, then 
6R/R “ -5o/a. The conductivity, a, can change either by changes in the 
specular scattering coefficient, p, or changes In Of, 

Adatoms on the surface can act as scattering centers for the conduction 
electrons producing changes in p. The degree of the adatom-conduction elec- 
tron wavef unction overlap determines the amount p can change. For a given 
change in p it is straightforward to show from Eq* 1 that dR/R will be tem- 
perature dependent and for very thin films (d<A) it will be thickness de- 
pendent (26) . Both of these predictions are in disagreement with the exper- 
imental observations as Is shown for H 2 /Fe In Fig. 6 for the temperature de- 
pendence and In Fig. 5 for Che thickness dependence. The solid line in Pig. 
6 is Che calculated temperature dependence for A assuming Chat the resis- 
tance change results from changes in p (scattering model) (29). 

It is reasonable to assume that Of can change because of the electron 
transfer which occurs between Che adatom and the substrate when Che chemi- 
sorption bond is formed. For this situation, a simplistic interpretation 
suggests Chat the conduction electron density, n, is changed, since chat 
fraction of Che conduction electron wavefunctlon resonant with the bonding 
levels will be lost to the conduction process. As a result of n changing it 
can be shown that 


6R/R • -dOTf/af » -{2$ns/3nd}d - AS, 

where 8 is the charge transferred to the conduction band per adatom per elec- 
tron and ns is the number of adsorption sites per unit area. Here, 6 r/R is 
Inversely proportional to film thickness Independent of thickness and is 
temperature independent, assuming chat B is temp'rature Independent. This 
is a reasonable assumption based on the temperature independence of the heat 
of adsorption which should be related to B. Both of the predictions of the 
model (charge transfer model) are in agreement with the observations. Fur- 
thermore, for covalently bonded species charge is usually transferred from 
Che substrate toward t!» adatom (B<0) and A will be positive, also in agree- 
ment with observations. 

The characteristics of the resistance change for many systems strongly 
suggest that the charge transfer model is the dominant mechanism for the 
chemisorption- induced resistance change. It is not obvious at present that 
this is the general situation for all systems. The correct mechanism for 
each system will require an individual assessment of the data for Chat sys- 
tem. 



Raglstanctt Change tteasureawnt 


A straightforward and aimple procedure to measure the resistance change 
is to utilize c Wheatstone bridge (30). Here the tiha onto idiich adsorption 
is to be studied forms one arm of the bridge. The output of the bridge will 
be directly proportional to the resistance change if the bridge is adjusted 
to balance before adsorption takes place. A typical D. C. Wheatstone bridge 
delivering about 30 mw of power to a 1000 ohm film can resolve resistance 
changes on the order of 6R/R “ 10^5. A fractional resistance change equal 
to 10~^ corresponds to coverage changes on the order of 60 » 2 . 5 xl 0~2 for 
H2/Fe and 66 » l.SxlO**^ for 02 /Fe using the data shown in Fig. 4 for d*10 am. 

Sensitivity can be increased by increasing the operating voltage of the 
bridge. This may result, however, in an excessive temperature rise of the 
film above that of the substrate. Seducing Che film thickness will increase 
Che sensitivity by Increasing A. but this is limited by Che formStion of non- 
unlfom (patchy) films. Perhaps a better way to increase the sensitivity is 
to utilize an A. C. excited bridge and synchronous detection techniques. 

Advantages of the Resistance Change Technique 

There are several advantages to the resistance change technique which 
have made it a useful tool in surface investigations. It can directly moni- 
tor the coverage of hydrogen chemisorbed onto metal films with good sensi- 
tivity. It is not difficult, for example, at constant temperature to re- 
solve coverage changes on Che order of 0.01 monolayers with the resistance 
change linearly proportional Co the coverage up to 6 = 0.8 monolayers for 
Che H 2 /Fe and H2/N1 systems. 

The resistance change measurement has a very large temporal response 
range (bandwidth) for its sensitivity making it Ideal for in vivo kinetic or 
reaction studies where the large bandwidth is beneficial. 

The resistance change technique is one of Che very few non-lntruslve 
techniques in Chat Che measureme^iC does not interfere (in a macroscopic 
sense) with Che phenomena being measured. Various other techniques, such as 
AES. ISS. BID and SIMS, modify the surface condition during the measurement 
unless great care is taken. 

The use of evaporated films for adsorption substrates simplifies the 
problems associated with obtaining a clean adsorption substrate. The films 
can be either polycrystalline or epitaxially grown single crystal. The sur- 
face of the film can be readily characterized using standard surface analy- 
sis techniques, including Low Energy Electron Diffraction (LEED) for the 
oriented films. 

And finally. Che resistance change technique can be used for studies at 
high hydrogen pressures unlike most other surface analysis techniques idtich 
are limited Co pressures below about 10**^ N/m^ (10*^ torr). At sufficiently 
high pressures, however, hydrogen will absorb into the bulk. This will also 
produce a resistance chiuige. In principle, the chemisorption and the bulk 
resistance changes can be seperated either by varying the film temperature 
(changing the kinetic rates) or by varying the film thickness if the magni- 
tudes of the two resistance changes are comparable. The fractional resis- 
tance change due to dissolved hydrogen should be Independent of film thick- 
ness unless metal hydrides form. Depending upon how the metal hydride forms 
the resistance change could be difficult to interpret. Care in designing 
the experiment should permit separation of these effects and allow for their 
independent study. 



LlnltaClons of the Rcalatance Change Technique 


There are two fairly severe restrictions in utilising the resistance 
change technique. The first is that the technique is non-discriinlnarltig; 
any species which chemisorbs will produce a resistance change. This tends 
to limit the technique to studies involving a single adsorbate. Good exper- 
imental technique is also required, because impurity gases may chmniaorb a- 
long with the species under study to produce an equally large resistance 
change. The data In Fig. 4 show, for example, that a resistance change pro- 
portional to 0.1 monolayers hydrogen chemisorpClon would also be produced by 
about 0.001 monolayers of oxygen adsorption. 

The second major limitation relates to the stability of the resistance; 
it must be adequately constant to be able to rctllably determine the chemi- 
sorption-induced resistance change. The evaporated film must be annealed 
before use to stabilize the resistance by relieving strains and completii^ 
film growth. Good vacuum technique is required during annealing to prohibit 
impurity adsorption onto the film prior to the hydrogen study. During mea- 
surements the substrate temperature must be controlled. Temperature stabil- 
ity usually requires some type of electronic feedback control. For ad* 

10 am Fe film, for example, a change of hydrogen coverage of O.OS monolayers 
is equivalent to 5R/R • 2xl0~^. The temperature coefficient of resistance, 
(1/R) (AR/AT) , for this film is about 3x10-3 Therefore if temperature 

stability is required such that the resistance change is at least 10 times 
that due to thermal variations, the maximum temperature excursion must be 
less than 7xl0~4 c. Temperature stability of this level is readily avail- 
able through careful experimental design and the use of feedback temperature 
control electronics. 

The resistance chan-^e technique gives only a relative measure of the 
coverage of the chemisorbed state and not an absolute measure. This limita- 
tion is, however, characteristic of almost all surface analysis techniques; 
they also require an independent calibration. An independent calibration is 
very difficult to achieve for hydrogen and has only been established for the 
case of hydrogen adsorption onto Fe(llO) (.31) • The coverages reported here- 
in are estimates based on the analysis of the resistance isotherm and the 
assumption that at saturation coverage 9*1. 

Apnlicatton; Determination of the Kinetics of H 7 /Fe Chemisorption 

Qiemisorption kinetics is important to understanding the dynamics of 
many materials processes. A particular example is the gaseous hydrogen em- 
brittlement of steel where the chemisorption of hydrogen on iron is believed 
to play a major role in controlling the rate of embrittlement (32) . A study 
was undertaken to quantify the kinetics of the H 2 /Fe chemisorption reaction 
for comparison with hydrogen embrittlement models and data. The chemisorp- 
tion-induced resistance change was utilized in the kinetic study. As an ex- 
ample of the application of the chemisorption- induced resistance change, the 
procedures utilized in the study of the isothermal kinetics for H 2 '/Fe cheni- 
sorption and the results of this study are summarized in this section. A 
more comprehensive discussion of this study is presented elsewhere (20). 

Experimental Considerations - Film Preparation 

The iron films were prepared and the measurements were carried out in an 
all metal ultra-high-vacuum system. The vacuum system utilized the combina- 
tion of a titanium sublimation pump with a liquid nitrogen cooled cyropanel 
and an ion pump to achieve vacuums on the order of 6.6xlO~S N/m^ (SxiO-10 
torr) after bakeout and repeated cycling at hydrogen pressures up to 1.3xl0'3 






librium coverage is very szaall (as esCinaced from the resistance isotherm) • 
The hydrogen pressure is then rapidly increased to a predetermined value 
while Donitoring the resistance change (34) • The final aagtiitude of the re- 
sistance change is proportional co the coverage of cheoisorbed hydrogen and 
the initial slope of the resistance change is proportional to the initial 
rate of chemisorption on tl^ clean iron surface. The entire curve of the 
resistance change as it approaches equilibrium describes the kinetics of ad- 
sorption. For the H 2 /Fe system the approach to equilibrium follows an ex- 


ponential behavior as shown in Fig. 8. 
decay constant of the exponential. 

The desorption measurement is the 
opposite of adsorption. Starting frem 
equilibrium at a hydrogen pressure p, 
the pressure is suddenly reduced to 
below 1,3x10-^ H/m2 (lxl0“9 corr) 
while observing the decay of the re- 
sistance change. For hydrogen chemi- 
sorption on iron, the resistance 
change is reversible on a time scale 
of minutes or less at temperatures a- 
bove 300 K. The Initial slope defines 
the desorption rate while the approach i 
of tlie resistance change back to zero I 
describes the overall desorption ki- 
netics. For the H^/Fe system Che ap- 
proach to equilibrium for desorption 
follows an exponential behavior; the 
desorption race is simply defined as 
the decay constant of the exponential. 
The fastest desorption rate Chat can 
be measured depends upon the speed of t 
upper limit for Che desorption rate was 


The adsorption rate, is chm 



t,S8C 

Fig. 3 - Comparison between data for 
the approach tc equilibrium coverage 
for H 2 chemisorption onto an Fe film 
and Che corresponding adsorption ki- 
netics calculated from the adsorp- 
tion model. 

le pumplrg system. For this work Che 
about 2 sec“l. 


The p-j (pressure Jump) relaxation measures Che approach of the resis- 
tance change to equilibrium for small deviations in coverage away fr<xo an 
initial equilibrium coverage. This measurement is illustrated in Fig. 7(b), 
where the deviation from equilibrium is created by small step function 
changes in the hydrogen pressure (hence the name pressure-jump relaxation 
measurement) at constant temperature. The approach to the new equilibrium 
will always be exponential for small changes in the coverage. This is not 
generally true for Che (gross) adsorption-desorption kinetics. The advan- 
tage of the p-J relaxation measurement is that it permits a direct measure- 
ment of the coverage dependence of the kinetic rates. A coverage dependaice 
for the kinetic rates was not observed for the H 2 /Fe system. 

Chemisorption Model and Results 


Measuren»nts of the adsorption-desorption kinetics and rates give gen- 
eral Information on Che overall chealsorptlon process. Detailed information 
on Che individual processes requires the use of a specific model. For H 2 /Fe, 
Che model used to analyze the data is schemacically shown in Eq. 2, 


V ♦ 

H2(gas) t h2 t 2H . (2) 

kd ^ 

In Che model, molecular hydrogen adsorbs into the molecular state on Che 
surface (precursor), H 2 *, with a rate given by k^p. Chemisorpcion occurs 



when thft precursor goes lato the dissociated cheeisorbed state, H, with cate 
k^. For desorption, the atosA in the chealsorbed state recoablne and go to 
the precursor at rate k 2 « The precursor then desorbs Into the gas phase 
with a rate kj. The cate constants k],, k 2 aad are teaperature dependen t 
with various activation energies. The constant k« Is equal to a/3/2in^gT, 
where a Is the probability for adsorption Into an eapty precursor site, a la 
the average nus^r of precursor adsorption sites per unit area, a Is t^ 
mass of a hydrogen molecule, kg is Boltsoan*8 constant and T the gas te^»er~ 
atuce. 


The non-linear, coupled equations which describe the aodel were solved 
exactly using numerical oMthods (20). Estlaates of the cate parameters were 
obtained from an analysis of all the kinetic data using approximate solu- 
tions to the model. The agreement between the exact solutlmis of the aodel 
and typical data for the approach to equilibrium during adsorption Is demon- 
strated In Fig. 8. Here the deviation of the resistance change from Its 
final equilibrium value Is shown as a function of time. The exact solution 
reproduces the exponential behavior observed In the measurements. As indi- 
cated In Cq. 2, adsorption Into the 
precursor from the gas phase is pres- 
sure dependent, but the step from the 
precursor to the dissociated chemi- 
sorbed state Is pressure Independent. 

The chesilsorptlon rate will therefore 
be pressure dependent except at high 
pressures where it will become pres- 
sure independent. This is illustrated 
In Fig. 9 for data of the adsorption 
rate, as a function of pressure 

at 295 K. The solid line in Fig. 9 is 
the result of an exact solution of the 
model. As can be seen in Fig. 9, the 
agreement between the model and the 
data Is very good. This quality of 
agreement Is found also for the de- 
sorption kinetics and the p-J relaxa- 
tion measurements. It is therefore 
reasonable to assume that Eq. 2 des- 
cribes the process of hydrogen cheml- 



p, N/m* 

Fig. 9 - Caoq>arison between data of 
the pressure dependence of the ad- 
sorption rate, T^~^, for H 2 chemi- 
sorption onto an Fe film and the 
corresponding adsorption rate calcu- 
lated from the adsorption model. 


sorption on iron. The rate constants obtained from these studies are summa- 
rised in Table I. 


Table I. Rate Constants for H?/Fe Chemisorption Reaction 


Rate 

Constants 

Hj/Fe 

k^, (Nm“2sec)“^ 

6x1q 2 (at 300 R), a - 0.19 

kj, sec“^ 

IIT exp(-28.9/RT) 

k^, sec“^ 

604T exp(-3A.7/RT) 

k2, sec“^ 

3.4Sx1013t exp(-87.9/RT) 


R is in units of kJ/mole K and T is in degrees Kelvin (K) 






Sunaarv 


Th« Cttchnlques available to easily and reliably study hydrogea chemi- 
sorption on aetal surfaces are limited In number. One or Che available 
techniques Is the chemisorption- Induced resistance change whereby hydrogen 
chemlsorpclon on the surface of a metal film changes Che film's resistance 
at constant temperature. The magnitude of the resistance change la directly 
proportional to the coverage of chemisorbed hydrogen for adsorption on Iron 
and nickel surfaces. This technique provides a gmans to monitor the cover- 
age of chemisorbed hydrogen without modifying the adatom-surface cooqtleic. 

It has a large temporal response range (bandwidth) and good sensitivity for 
hydrogen, making It an Ideal technique for Isothermal kinetic studies. The 
chemlsorptlon-lnduced resistance change technique has been successfully uti- 
lised to study the chmolsorptlon kinetics of the H 2 /Fe syst^. 
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